Premature failure of mechanical seal components is often a result of the elevated temperatures at the sealing interface that arise due to frictional heating. The Heat Sink Mechanical Seal (HSS) is a new approach to interface cooling in which a micro heat sink is constructed within millimeters of the sealing interface. Coolant circulated through the highly structured pin fin region carries away the generated heat. This work investigates the impact of interface cooling on carbon wear rates for a tungsten carbide (WC) and carbon graphite material pair. Experiments are performed using a thrust washer rotary tribometer to simulate a mechanical seal operating in dry running conditions within and in excess of the PV limit for the material pair (17.5 MPa*m/s or 500,000 psi*ft/min). Results show stable operation of sealing components in harsh operating conditions as well as the potential to reduce the occurrence of thermally induced wear and failure.
INTRODUCTION
The interface temperature is an important parameter affecting the friction and wear process for mechanical seals, and it is a function of the operating conditions as well as the heat that is dissipated through the sealing components and surroundings. An increase in the interface temperature has the potential to lead to a number of undesirable effects, including: 1) a change in the material properties of the mating pair leading to increased wear, galling, surface melting, and a breakdown of solid and boundary lubricant films, 2) a decrease in the PV (Pressure-Velocity) limit of a material pair, 3) the forming of thermocracks and heat checking, 4) a decrease in the viscosity of the lubricating film or possible failure of the lubricant, 5) a flashing of the lubricant and the deposit of abrasive particles at the seal interface, and 6) an increase in the corrosive tendencies of the lubricant. The operation of the mechanical seal in a dry running regime is the final result of such events. This study is specifically concerned with points 1 through 3 listed above. During dry running operations, seals are susceptible to extreme operating conditions (e.g. elevated temperatures and severe wear) ultimately leading to the failure of sealing components.
Possible solutions to alleviate thermal wear mechanisms include using materials that are able to withstand high temperatures or providing better cooling or heat dissipation. The latter is the subject of this study. The Heat Sink Mechanical Seal (HSS) is a new approach to interface cooling and heat dissipation in mechanical seal components and the nearby surroundings. Details involving the development, fabrication, and early testing of the HSS have been outlined in [1] - [7] and will not be discussed here.
EXPERIMENTAL SET-UP AND RESULTS
In this study, the impact of the HSS was examined with regard to thermal wear mechanisms by performing a series of experiments on a thrust washer rotary tribometer (modified Falex Multi-Specimen Friction and Wear Test Machine) to simulate a mechanical seal during dry running conditions. Figure 1 shows a schematic of the test setup. During each test, friction torque, speed, load, coolant flow rate (if applicable) and a number of temperatures were monitored. In addition, for each test, wear measurements were recorded per ASTM Standard D 3702. A total of 18 tests were conducted in which face pressure, speed, and the presence of coolant were varied. Tests ranging in Pressure-Velocity (PV) values from 3.5 to 21.0 MPa*m/s (100,000 to 600,000 psi*ft/min) resulted, and the specific test conditions for each experiment are documented in Table 1 . A WC (thermal spray WC coating with an 11 percent cobalt binder) and antimony impregnated carbon graphite material pair was investigated which has a published PV limit, in [8] , of 17.5 MPa*m/s (500,000 psi*ft/min). During tests with coolant, water was circulated through the HSS stationary ring at a flow rate of 2.0 Lpm (0.53 gpm). For tests without coolant, a solid stationary ring was used in place of the HSS. Figure 2 shows the impact of interface cooling on the carbon wear rate. The labels near the data points correspond to the test conditions in Table 1 . The wear rates are plot against the maximum temperature recorded in either of the thermocouples in the rotary during the experiment. The carbon wear rates during operation with coolant were consistently lower than the wear rates for carbon mated with a solid stationary ring under identical operating conditions. The temperatures recorded in the rotary for the carbon, when mated with the solid stationary ring, were on average over 3.5 times the temperatures recorded in the carbon when mated with the HSS stationary ring with water coolant supplied, under identical operating conditions. In the absence of interface cooling, the temperature in the rotary approached the temperature limit of the carbon, and the wear rates dramatically increased. The principal type of wear occurred when the carbon graphite began to soften to such an extent that it was able to be displaced like a viscous fluid. An examination of test cases 9 and 18 clearly demonstrate the potential of interface cooling to reduce the effect of thermal wear mechanisms. Both tests 9 and 18 were conducted in excess of the PV limit of the material pair (tests conducted at 21.0 MPa*m/s or 600,000 psi*ft/min). Test case 9 maintained stable operation for an extended period of time yielding wear behavior similar to experiments at lower PV values. It is also noteworthy that in this study, the interface cooling protected not only the test specimens from heat related failure, but also o-rings that are used to seal the circulated coolant. In the absence of the coolant, the temperature limit of the secondary sealing elements was also exceeded. In addition, it should be noted, during tests 16 through 18, an elevated temperature was consistently maintained yielding an increase in the wear rate. Tests 12 through 15 appear to operate at higher temperatures, but average rotary temperatures were actually between 215 °C and 250 °C and spiked to the maximum values shown in Fig. 2 .
CONCLUSIONS
The results from this study demonstrate the potential of interface cooling, utilizing the Heat Sink Mechanical Seal, to reduce the occurrence of the thermal wear mechanisms that develop under dry running or extreme operating conditions for applications such as end face mechanical seals. In addition, it shows the ability to cool the interface and nearby surroundings to protect primary as well as secondary sealing components from the effects of elevated temperatures.
